A perforated muffler has been designed to reduce a high noise level that is generated from a regenerative blower used in fuel cell applications. The noise consists of two components such as discrete high frequency noise component at blade passing frequency (BPF) due to rotating impellers and broadband noise component due to turbulence in inflow and exhaust jet mixing. Main contribution into the high noise level is due to the discrete frequency noise component at high frequency 5800 Hz. In order to effectively reduce the noise level of regenerative blowers, a perforated muffler has been modelled in this paper. In order to identify important design factors, the design parametric study has been performed using transfer matrix method and finite element method (FEM). It has been implemented to design the perforated muffler that effectively reduces the high noise level of the regenerative blower.
INTRODUCTION
Regenerative blowers are recently used in fuel cell applications because of their simple structures, easy manufacturing and operation. But those generate high noise level due to their air processing unit operating with high pressure rise at low flow capacity (Lee et al., 2013) . The noise consists of two components such as discrete frequency noise component at BPF due to rotating impellers and broadband noise component due to turbulence in inflow and exhaust jet mixing. Main contribution into the high noise level is due to the discrete frequency noise component. It is needed to attach perforated mufflers to reduce the discrete frequency noise component.
The perforated mufflers have been initially analyzed by using transfer matrix method (Sullivan et al, 1978) ; Sullivan, 1979; Munjal, 1987) . Numerical simulation methods such as boundary element method (BEM) (Wu, 1996) and finite element method (FEM) (Saf, 2010) have been also implemented for design of the perforated mufflers. Most of practical applications have been performed to reduce mainly the discrete frequency noise component in relatively low frequency region where the plane wave approximation can be valid without considering higher order modes. But the higher modes needs to be considered to design the perforated muffler attached to the regenerative blower. It is because the blower is operated at large rpm with high pressure rise and the blower noise is mainly generated at relatively high BPF. In this paper, in order to effectively reduce the noise level of regenerative blowers with BPF 5800 Hz, a perforated muffler has been modelled. In order to identify important design factors including higher modes, the design parametric study has been performed using transfer matrix method and FEM. It has been implemented to design the perforated muffler that effectively reduces the high noise level.
THEORY

Sound Transmission Loss
In order to reduce the noise generated at the blower, a perforated muffler in Figure 1 is attached to the blower. The noise attenuation performance of the muffler is evaluated in terms of transmission loss (TL). TL is defined as the logarithmic ratio between the incident sound power at the inlet of the muffler and the transmitted sound power at the outlet of the muffler as 
Here and correspond to transfer matrices of sub-components with straight parts and parts with holes, respectively. means the number of the sub-components. Considering the impedance regarding to the relation of the pressure difference and volume velocity through each hole, the pressure and volume velocity at the inlet of the muffler can be related to the pressure and volume velocity at the outlet as 
where is the overall transmission matrix. Here the impedance at each hole can be determined using the empirical formula in the reference (Sullivan, 1978) 6 10 0.75
where ρ, c , and are density of air, speed of sound, hole diameter and acoustic wavenumber at a given frequency, respectively. The detailed description in the formulation of the transfer matrix can be referred in the reference (Sullivan, 1979) . From the relation in Equation TL can be evaluated as
where , 1,2 is the corresponding element of the transfer matrix.
/ and / mean the characteristic impedance of two duct with section area and , respectively. The transfer matrix method is generally used with the assumption of linear sound propagation of a plane wave in the muffler. The plane wave limit of a circular duct corresponds to the case below the cut-off frequency (Eriksson, 1980) with the first asymmetric mode that is , 0.586 /
On the other hand, the first circularly symmetric or radial mode generated at cut-off frequency is expressed as , 1.22 / (7)
Finite Element Method
Numerical simulation methods play an increasingly important role in the design of mufflers as well as other NVH applications. FEM offers an advantageous combination of modelling flexibility, computational efficiency and result accuracy.
Comparing to the boundary element method (BEM), FEM allows modelling more complex physics of acoustics considering multiple fluid domains, sound propagation in a mean flow and effects of temperature gradients in a fluid medium. FEM can be especially used to design of mufflers to reduce relatively high frequency noise considering the higher modes above the cut-off frequency as well as to design the mufflers with relatively complex shapes. The linear wave equation for perfect gas with no damping is 1
At each frequency in the interested frequency range that equation (8) 
where A , and f are the coefficient matrix, sound pressure amplitude vector of nodal values and forcing function vector of nodal values, respectively. In the present muffler problem, f is only a nonzero value at the inlet pipe according to Dirichlet boundary condition with unit pressure. In this study, the finite element method approach is done by a commercial FEM program ACTRAN of MSC software company. For more efficient way to model perforation of the muffler, meshes on the perforated tube are replaced by the two inner and outer concentric surfaces with acoustic transfer admittance. For the acoustic transfer admittance, the transfer admittance of the perforated plate (Mechel, 2008) with the same perforation pattern of the perforation tube is used.
ANALYSIS
Blower Noise Characteristics
The noise source considered in this research is a regenerative blower operating with high pressure rise at low flow capacity shown in Figure 3 (Lee et al., 2013) . It is widely used in various applications The noise source considered in this research is a regenerative blower operating with high pressure rise at low flow capacity shown in Figure 3 (Lee et al., 2013) . It is widely used in various applications including fuel cell applications. One of main shortcomings of the regenerative blower is high noise level. The flow inside the regenerative blower shows typically helical-toroidal motion where fluid rrotates in and passes along the space between rotating impeller blades and fixed side channels. It generates two kinds of noise components such as discrete frequency noise at BPF and the broadband noise distributed over wide frequency range which is produced due to inflow turbulence. Figure 4 shows the typical pattern of noise spectrum measured from the regenerative blower. Here BPF corresponds to 5800 Hz. 
Verification of the Methods
In order to verify the methods to evaluate TL of the muffler, the transfer matrix method and FEM have been applied to evaluate TL of the perforated muffler model in reference (Sullivan et al, 1978) . The dimensions of the model are 0.257 , 0.508 , 0.762 . The porosity of the tube is σ 3.8%. The numerical results for TL have been compared with the corresponding experimental results in the reference (Sullivan et al, 1978) as shown in Figure 5 . It shows that the two methods can be used to evaluate TL of the perforated muffler in good agreement with the experimental results. 
TL Characteristics of a Perforated Muffler
TL of the perforated muffler is dependent on design variables such as inner diameter and outer diameter , porosity σ, total length . The inner diameter is determined to be fitted to the outer diameter of the blower. The outer diameter is determined considering the cutoff frequencies in Equations (6) and (7) although the transmission loss performance is increased by increasing the crosssectional area ratio between the inlet and outlet ducts, The initial design length of the muffler can be determined considering the axial modal frequencies of the cavity itself as f n c/2L 1,2, ⋯ and TL pattern of the corresponding simple expansion chamber composed of the outer duct without the inner duct. It leads to decision of the initial data for 0.019 , 0.06 and 0.083 . The corresponding cut-off frequencies are as shown in Figure  6 (c)-(e). This phenomenon is shown more clearly as the porosity is increased. It is because TL results obtained by FEM includes the contribution of all higher modes while the only plane wave is considered in the transfer matrix method. Figure 6 (a) shows that a peak at an annular cavity resonator resonance is generated about at 800 Hz and clearly separated from peaks of cavity axial modal frequencies in higher frequency region. As the porosity is increased in Figures 6(b) -(e), two peaks related the annular cavity resonance and the cavity modal frequency tend to merge and strongly coupled. One can find there is an optimum porosity at which two peaks merge into a single peak having relatively broad transmission loss at a particular frequency. When the optimum porosity as σ 22%, the corresponding single peak is generated at 5800 as shown in Figure 6 The regenerative blower generates the noise of overall sound pressure level (SPL) 84 dB(A) with the frequency spectrum shown in Figure 7(a) , that has two kinds of noise components such as discrete frequency noise at BPF 5800Hz and the broadband noise distributed over wide frequency range. In order to effectively reduce the discrete frequency noise at BPF, the perforated muffler with the porosity σ 22% is designed and attached. TL of the muffler is evaluated over the frequency range between 0 and 10kHz is as shown in Figure 7 (a). The overall SPL of 84 dB(A) is expected to be reduced to 72 dB(A) by attaching the perforated muffler as shown Figure 7 (b) that represents the reduced noise spectrum by attaching the perforated muffler to the regenerative blower.
CONCLUSIONS
A perforated muffler has been designed to reduce a high noise level that is generated from a regenerative blower used in fuel cell applications. In order to effectively reduce discrete frequency noise component at high frequency 5800 Hz, the design parametric study has been performed using transfer matrix method and FEM. It is implemented to design the perforated muffler that effectively reduces the high noise level. The overall SPL of 84 dB has been expected to be reduced to 72 dB by attaching the perforated muffler. Further research is expected to experimentally verify the design results and to evaluate the contribution of porous material inserted inside the coaxial duct of the perforated muffler to more reduction of the blower noise.
